Iron (Fe) is an essential microelement for various physiological processes, such as metabolism, growth and development in plants. Fe is rather abundant in the environment, but for almost all living organisms, Fe bioavailability is rather limited, especially in saline-alkaline soils, where it occurs as part of insoluble complexes [1] that are not easily absorbed by plant roots. Various mechanisms have evolved to absorb Fe under such conditions. One of these mechanisms occurring in non-Gramineae dicots and monocots is called 'Strategy I' [2] [3] [4] . In plants of these species, the activity of the proton pump associated with the plasma membrane, and ferric chelate reductase (FCR) activity in roots increase to acidify the rhizosphere and reduce Fe (III) to Fe (II). Subsequently, the Fe (II) transporter in root cells is regulated by FER-like Fe deficiency-induced transcription factor (FIT) for successful uptake of Fe (II) [5] . These Fe deficiency-induced adaptive responses in roots are regulated by signaling molecules, such as auxin indole-3-acetic acid (IAA), nitric oxide (NO), ethylene (ETH) and reactive oxygen species (ROS) [6] [7] [8] [9] [10] .
Increasing evidence indicates that ROS homeostasis is an important parameter linked to Fe homeostasis. In the presence of excess Fe, increased ROS Abbreviations ABA, abscisic acid; APX1, ascorbate peroxidase 1; BPDS, bathophenanthroline disulfonate; BR, brassinosteroids; CK, cytokinins; DPI, diphenyleneiodonium; EM, emission; EX, excitation; FCR, ferric chelate reductase; JA, jasmonic acid; MS, Murashige and Skoog; NO, nitric oxide; NOX, NADPH oxidase; RBOHs, respiratory burst oxidase homologs; ROPs, Rho-like GTPase; ROS, reactive oxygen species; WT, wild-type.
production induces oxidative stress [11, 12] . Furthermore, it has been demonstrated that the production of ROS (potentially as a signaling intermediate) depends on FIT activity [13] . Moreover, as an early response signal, ROS could act to promote and maintain Fe deficiency-induced responses in apple rootstock [9] . Fe is absorbed, transported and distributed through the plant for use in assembling Fe-containing cofactors acting as electron carriers of the electron transport chain in chloroplasts and mitochondria [14, 15] . The result of Fe starvation is an imbalance of cellular redox potential and enzyme activity in redox reactions. Although we do not yet clearly understand how ROS regulates Fe-deficiency responses, they are believed to play multiple roles in these responses [9] .
It has been shown that in the apoplast, ROS acts as a positive signal to adapt to Fe-deficiency stress [9, 16] . The main source of apoplast ROS is the NADPH oxidase-mediated pathway, NADPH oxidase encoded by respiratory burst oxidase homologs (RBOHs) is rapidly activated in response to various stimuli and thereby inducing ROS production which is involved in the regulation of a wide range of physiological functions in plants [17] . In Arabidopsis, 10 NOX genes such as RBOHA-J exist [18] , which play important roles in pathogenic bacteria resistance, hormone signal transduction and plant growth and development. AtR-BOHC negatively regulates episodes of cell expansion that occurs just behind the tip of the root hair [19] . Expression of AtRBOHD and AtRBOHF is highly induced under salinity stress [20] , and subsequent ROS production by AtRbohH and AtRbohJ is essential for proper pollen tube-tip growth [21] .
A novel Rho subfamily of small G proteins, known as Rho-like GTPase (ROPs), participate in a wide variety of physiological processes, including cell polarity establishment, cell growth, morphogenesis, actin dynamics, H 2 O 2 generation, hormone responses and probably many other cellular processes in plants [22] . In many species ROPs have been identified, including mosses, conifers and both monocot and dicot flowering plants [23, 24] . In Arabidopsis, the ROP gene family consists of 11 members that share 70-98% amino acid homology [22, 24] . On the other hand, direct interaction between OsRac1 and OsRBOH in rice has been demonstrated, while transient coexpression of OsRac1 and OsRBOH enhanced ROS production in Nicotiana benthamiana [25] . Furthermore, in Arabidopsis ROP11 modulates ROS production by interacting with RBOHF in root hairs [26] .
AtROP6 is involved in cell polarity control in Arabidopsis roots, specifically in root hairs [27] . AtROP6 gene expression is induced by auxin and has been detected in the lateral root initials, in the root meristem and in leaf hydathodes [28] . Previous studies reported that AtROP6 GTPase has a negative regulatory effect on the ABA response pathway and inhibits ABA signal transduction, while AtROP6 has been shown to regulate the auxin response positively [29, 30] . Besides, the functional loss of RopGEF4 and Rop-GEF10 reduced ROS production [31] . However, under Fe deficiency the role of AtROP6 and the relationship between ROS and AtROP6 need further study. Here, we suggest that AtROP6 may promote AtRBOHDmediated ROS accumulation and positively modulate Fe-deficiency responses in Arabidopsis. 
Materials and methods

Plant materials and growth conditions
ROS content and localization assay
Reactive oxygen species content detection assay and localization were conducted as previously described [9] . After incubation with DCFH-DA (Beyotime, Beijing, China), samples were grinded to obtain a supernatant and then a fluorescent spectrophotometer (F-7000, Hitachi, Tokyo, Japan) was used for measuring the absorbance [excitation (EX) 488 nm, emission (EM) 525 nm)].
For the localization of ROS, roots were stained with fluorescence as described above. Images were acquired using a confocal laser scanning microscope (EX 488 nm, EM 525 nm) (TE2000-E, Nikon Co, Tokyo, Japan). Data shown are means AE SD of three biological replicates from two independent experiments.
Determination of H 2 O 2 content
Fresh tissue samples were grinded in 1 mL cooled acetone; next, the homogenate was centrifuged (800 g) at 4°C for 10 min. After centrifugation, 5% titanium sulfate and ammonia water were added to the 400 lL supernatant to precipitate the peroxide-titanium complex. After centrifuging again (800 g for 10 min), pellets were washed with acetone three times, then solubilized in 1 mL of 10 M H 2 SO 4 . The absorbance at 415 nm was measured using a UV spectrophotometer (UV 1800, Shimadzu, Tokyo, Japan) and 1 mL acetone without any roots was processed as a blank in the same way [36] . Each value is the mean of three biological replicates from two independent experiments. 
Determination and visualization of FCR activity
Root Fe (III) reductase (FCR) activity was measured using bathophenanthroline disulfonate (BPDS, Sigma) [38] . Briefly, fresh root samples were incubated in the dark at 25°C for 1 h in a reagent solution containing 0.25 mM Fe (III)-EDTA, 0.5 mM CaSO 4 , 10 mM MES NaOH (pH 5.5) and 0.6 mM BPDS. FCR activity was measured at 535 nm in a spectrophotometer [39] . Data presented are the means AE SD of three biological replicated from two independent experiments.
To visualize FCR activity more intuitively, the entire roots of Arabidopsis were transferred to assay plates (0.1 mM BPDS, 0.5 mM CaSO4, 0.25 mM Fe (III)-EDTA, 2% sucrose, 0.7% agar, pH 5.8) in the dark at 25°C [39] . After about 40 min, images were photographed using a digital camera.
Chlorophyll content analysis
Fresh leaf tissue (0.2 g per sample) was immersed in the same volume of 80% (v/v) acetone and absolute ethyl alcohol for 1 day. The extinction of total chlorophyll was measured at 645 and 663 nm, according to the method of Aono et al. [40] . Data are expressed as the mean AE SD of two independent experiments performed in three replicates.
Measurement of active Fe content
Sampled roots and leaves were dried, grinded and incubated in HCl. Next, the active Fe content in filtrate was subsequently measured by polarized Zeeman atomic absorption spectrophotometry (Z-5000; Hitachi) after Takkar and Kaur [41] and Han et al. [42] . Data are expressed as the mean AE SD of two independent experiments performed in triplicate.
Measurement of total Fe content
Dried and grinded samples were digested in HNO 3 using a microwave digestion system (CEM MARS 240/50, Matthews, NC, USA) before analyzing for Fe by inductively coupled plasma optical emission spectrometry (ICP-MS, OPTIMA 3300DV, Pekin Elmer, Shelton, CT, USA)
Yeast two-hybrid system
The CA (activated state) and DN (inactivated state) mutants of AtROP6 were cloned from the pCAM-BIA1390-GFP vector described previously [43] , and then inserted into the pGADT7 vector. The coding sequence of RBOHD was amplified and cloned into the pGBKT7 vector. AtROP6
CA -pGADT7 and AtRBOHD-pGBKT7 or AtROP6 DN -pGADT7 and AtRBOHD-pGBKT7 were cotransformed into yeast strain AH109. The yeast cells were grown on -Leu/-Trp/-His/-Ade medium for 4 days.
Isolation of total RNA and synthesis of cDNA
Total root RNA was extracted using the Mini BEST Plant RNA Extraction Kit (Takara Biotechnology Co, Ltd, Dalian, China), and then reverse transcription was performed using Advantage RT-for-PCR Kit (Takara). 
Analysis of gene expression
The cDNA samples were used to perform the relative quantification of expression of target genes with a Realtime PCR System (AB7500) and SYBR Green fluorescent dye (Takara) [44, 45] .
The following genes were analyzed: FER-like Fe deficiency-induced transcription factor AtFIT (AT1G01580.1), Fe 2+ transporter AtIRT1 (AT4G19690.2), basic helix-loophelix transcription factor AtbHLH039 (AT3G56980.1), ferric chelate reductase, AtFRO2 (AT1G01580.1) and H(+)-ATPase genes, AtAHA7 (AT3G60330.1)and AtAHA2 (AT4G30190.2); zinc finger of Arabidopsis thaliana 12 (AtZAT12) (AT5G59820.1), AtRBOHD (AT5G47910.1), AtRBOHF (AT1G64060.1) and AtROP6 (AT4G35020.1). The sequences of these genes were acquired from http:// www.arabidopsis.org/index.jsp. Primers were designed using Primer Premier 5. AtEF was used as housekeeper gene. The sequences of primers are shown in Table S2 .
Statistical analysis
Including physiological and gene expression analysis, all data were subjected to ANOVA; mean comparisons were conducted using Duncan's multiple-range test. The Statistical Product and Service Solutions (SPSS) software (IBM Co, Armonk, NY, USA) was used to conduct statistical analysis.
Results
The rop6 mutant is less sensitive to Fedeficiency-induced adaptive responses, while overexpression of ROP6 in Arabidopsis exhibits more sensitivity to Fe deficiency Under Fe deficiency, mutants rop1, rop2, rop4, rop6 and rop9 (details shown in Table S1 ) showed more severe chlorosis than WT, with rop6 growing weaker than the other mutants (Fig. S1 ). Moreover, through visual localization the rop6 mutant exhibited the weakest FCR activity among all mutants under study, which in general showed much lower FCR activity than WT under Fe deficiency (Fig. S2) . Therefore, we used the rop6 mutant for further study. DNA sequencing analysis demonstrated that T-DNA was inserted in the exon near the sequence at 3 0 end of AtROP6 (Fig. 1A) . Using three primers (Table S2) to identify the homozygous mutants, gel electrophoresis showed that AtROP6 gene was expressed in WT, but not in rop6 mutant (Fig. 1B) . To analyze the function of AtROP6, we subjected 10-day-old rop6 and 35S-ROP6 seedlings to Fe-deficiency stress. On day 5 after treatment initiation, more severe chlorosis in leaves and lower chlorophyll II content were observed in the rop6 mutant than those in WT under Fe starvation (Fig. 1C  and F) . Conversely, compared with WT, the ROP6-overexpressing seedlings showed lighter yellowing and higher chlorophyll II content (Fig. S3A and D) . Similarly, much lower FCR activity was detected in rop6 ( Fig. 1D and E) , while rop6 mutant showed higher total Fe content of leaves and roots under Fe-deficient conditions than WT (Fig. 1G) . In contrast, WT plants exhibited a higher active Fe content in the leaves than rop6 under Fe deficiency, and an obvious downward trend for active Fe content in rop6 mutant leaves was observed under Fe deficiency (Fig. 1H) . On the other hand, 35S-ROP6 seedlings possessed significantly higher total Fe content in leaves under Fe deficiency than WT, but there was no significant difference in roots (Fig. S3E) , as was also recorded for active Fe content in roots and leaves (Fig. S3F) (Fig. S6) . Compared with WT, ROS content in rop6 roots declined ( Fig. 2A and C) . Consistently, H 2 O 2 content and DAB staining were clearly reduced in the roots of rop6, compared to those in WT roots under Fe deficiency ( Fig. 2B and D) . However, the complimentary phenomena, like significant increase in ROS fluorescence, DAB staining and ROS and H 2 O 2 content were observed in 35S-ROP6 (Fig. S4) .
The rop6 mutant exhibits reduced gene expression related to Fe-deficiency adaptive response and ROS production under iron deficiency
To identify the relationship between AtROP6 and the expression of Fe-related genes, we analyzed transcript levels of transcription factor AtFIT, AtbHLH039, and downstream functional genes AtIRT1 AtFRO2, and AtAHA7 via quantitative real-time PCR. FIT plays a vital role in positively regulating Fe-deficiency-responsive genes, such as IRT1 and FRO2 [46, 47] . The expression of bHLH039 increased under Fe-deficiency stress, physically interacting with transcription factor FIT and promoting the induction of downstream target genes [47] . Under iron deficiency, the expression of AtFIT, AtIRT1, AtbHLH039 and AtAHA7genes in rop6 mutant decreased significantly, compared with WT ( Fig. 3A-E) .
It has been shown that the expression of ZAT12 increased considerably in response to ROS and is essential for the transcriptional induction of genes related to acclimation to oxidative damage, including ascorbate peroxidase 1 (APX1) [34, 48] . Thus, the response of AtZAT12 to ROS under Fe deficiency was evaluated. As expected, AtZAT12 was induced (Fig. 3F ). RBOHD and RBOHF are genes encoding NADPH oxidase (NOX), whose major function is to generate ROS in the apoplast under abiotic stress [49] . Here, we found the expression of these two genes increased in WT under Fe-deficiency stress. However, in the rop6 mutant, the expression of AtRBOHD and AtRBOHF decreased dramatically (Fig. 3G,H) .
ROS signaling is involved in Fe-deficiencyinduced adaptive responses in Arabidopsis
Although AtROP6 influenced ROS production associated with Fe absorption efficiency, inhibition of endogenous ROS and exogenous H 2 O 2 treatment were still required to verify whether AtROP6 mediated the Fedeficiency responses through ROS. The expression of Fe-deficiency-induced genes, such as AtFIT, AtIRT1, AtbHLH039, AtFRO2, AtAHA7, and the FCR activity (Fig. 4C, D and H) was notably suppressed by ROS inhibitors (DPI), which blocked a ROS burst in WT under Fe deficiency (Fig. 4A, B, F, and G) . The application of DPI also strongly hampered the expression of ROS-related genes AtZAT12, AtROP6, AtRBOHD and AtRBOHF in WT under Fe deficiency (Fig. 4E) .
On the other hand, we also treated the rop6 mutant with H 2 O 2 under Fe starvation. Exogenous H 2 O 2 resulted in increased ROS and H 2 O 2 in this case (Fig. 5A, B, F, and G) . Similarly, the transcriptional level of ROS-related genes AtZAT12, AtRBOHD and AtRBOHF, and Fe-deficiency-associated genes AtFIT and AtAHA7 increased significantly, though the expression of AtIRT1, AtbHLH039 and AtFRO2 was not enhanced by exogenous H 2 O 2 ( Fig. 5D and E) . However, the FCR activity decreased significantly in rop6 mutant under both iron sufficiency and deficiency conditions with the DPI treatment (Fig. 5H) .
AtRBOHD also responds positively to Fe deficiency through ROS signaling
Previous studies showed that ROPs could bind RBOHs to produce ROS [25, 26] . However, AtROP6 regulation of AtRBOHs-mediated ROS signaling in response to Fe deficiency also needs further study. We found that under Fe deficiency the expression of AtR-BOHD and AtRBOHF in WT increased by about 12-fold and 1.5-fold respectively, while in rop6 mutant they both showed lower expression compared with WT ( Fig. 3G and H) . Moreover, etiolation of rbohd mutant seedlings was more severe than that of WT or rbohf mutant (Fig. S7) . Additionally, it has been proved that AtRBOHD is unique among the 10 different RBOHs of Arabidopsis showing a high degree of stress responsiveness both in shoots and roots [16] . Therefore, the rbohd mutant was selected for subsequent experiments.
Three other primers (Table S1 ) were used to confirm that the expression of AtRBOHD was impaired in rbohd mutant (Fig. S8A) . Under Fe deficiency, rbohd mutant showed a more severe chlorosis, decreased chlorophyll content and lower FCR activity (Fig. S8B-E) . However, there was no significant difference in active Fe content between WT and rbohd mutant under Fe starvation (Fig. S8F) . Similar to that of rop6 mutant, lower ROS accumulation and H 2 O 2 content were observed in rbohd mutant under Fe deficiency (Fig. S9) . Concomitantly, Fe-induced genes, such as AtFIT, AtIRT1, AtFRO2 and AtAHA2, as well as ROS-associated genes, such as AtZAT12 and AtbHLH039 were also downregulated in rbohd mutant (Fig. 6A-F ).
AtROP6 interacts with AtRBOHD in Arabidopsis through the yeast two-hybrid assay
Although the expression of AtRBOHD was decreased in rop6 mutant, whether AtROP6 protein interacts with AtRBOHD protein directly or not, needs to be proved. ROPs display GTP-binding active state and GDP-binding inactive state. Both the CA and DN forms of AtROP6 were conducted to test the possibility through the yeast two-hybrid assay (Fig. 7A) . Typically, CA-AtROP6 was able to bind with the Arabidopsis RBOHD protein (Fig. 7A) .
Discussion
Previous studies showed that ROPs played an essential role in hormone response pathways in plants [29, 30] , and have been proposed to be involved in signal transduction under abiotic stress [50] . However, whether AtROP6 regulates Fe-deficiency responses or not, and how this occurs, remain largely unknown. Here, we hypothesized that AtROP6 positively regulates Fe-deficiency responses by interacting with AtRBOHD to mediate ROS signaling. In this study, the Arabidopsis mutant rop6 and 35S-ROP6 were subjected to Fe stress. The more severe the chlorotic phenotype, together with the strongly decreased chlorophyll content and FCR activity in rop6 mutant (Fig. 1 ) the more it indicates that AtROP6 is obviously crucial for Arabidopsis plants growing under Fe deficiency. This is also suggested by the lesser yellowing, the higher chlorophyll content and the higher FCR activity in 35S-ROP under Fe deficiency (Fig. S3) . Sun et al. [9] demonstrated that ROS participates in Fe distribution [25, 26] .
in roots. And in our study the total iron content of roots and leaves in both mutant and ROP6-overexpressed plants were not significantly changed compared with WT, but the downward trend of active iron content of leaves in the rop6 mutant showed that AtROP6 or ROS may be involved in iron distribution from roots to shoots. Furthermore, the silencing of the Medicago truncatula GTPase MtROP9 led to reduced ROS production while it suppressed induction of ROS-related enzymes [51] . These observations are consistent with our own observation of a markedly decreased accumulation of ROS and H 2 O 2 under Fe starvation in the rop6 mutant (Fig. 2) . Moreover, the downregulated expression of Fe-induced genes and ROS-associated genes in rop6 mutant (Fig. 3) showed that AtROP6 is a positive regulator that responds to Fe-deficiency stress through ROS signaling.
It is well known that ROS homeostasis increases cellular proliferation and growth resulting from positive ROS signaling, while excessive ROS generates oxidative stress leading to cell death [52] . In this study, DPI treatment hindered the expression of Fe absorption genes in WT under Fe-deficiency stress (Fig. 4) . Some studies have shown that H 2 O 2 participates in regulating ferritins to resist oxidative stress resulting from excessive Fe [11, [53] [54] [55] [56] [57] . Furthermore, addition of H 2 O 2 directly influences the responses of A. thaliana and apple trees to Fe deficiency [13, 9] . In our own results, an exogenous supply of H 2 O 2 also led to the enhanced expression of AtFIT, AtbHLH039 and ROSassociated genes; however, FCR activity was dramatically reduced with H 2 O 2 treatment under both ironsufficiency and iron-deficiency conditions (Fig. 5H) . Similarly, in Malus xiaojinensis, exogenous H 2 O 2 treatment decreased FCR activity under iron deficiency at 9 d. ROS plays different roles in responding to abiotic stress [9] . Meanwhile, exogenous H 2 O 2 resulted in the downregulation of some genes under Fe deficiency, such as AtIRT1, AtFRO2 and AtAHA7 (Fig. 5D) , which underlines the need to maintain the endogenous ROS level to mediate the Fe-deficiency response (Figs 4E and 5E).
As intermediates, ROS connect NO and ethylene, and have been found to regulate the expression of ETO1-like gene and the ethylene biosynthesis-related genes to cascade the amplification of ethylene signaling [58, 59] . Some other hormones, such as auxin, cytokinins (CK), abscisic acid (ABA), jasmonic acid (JA) and brassinosteroids (BR), are also critical in the response to Fe deficiency [2, 58] . Surprisingly, studies based on microarray analysis have shown that ABA, auxin and SA-dependent defense responses are related to some gene expression induced by inactive AtROP6 [28] [29] [30] . In short, our study has shown that AtROP6 may interact positively with AtRBOHD to trigger the ROS signaling pathway in response to Fe deficiency in Arabidopsis.
The ROP protein is a main regulator of ROS production in plant cells, particularly at the plasma membrane. ROP activates RBOH. In rice (Oryza sativa), it has been reported that OsRac1 mediates the response of a defense system against pathogens. OsRac1 functions to promote disease resistance by positively regulating NADPH oxidase to generate ROS temporarily [60] [61] [62] . Here, we have confirmed reduced RBOHD/F gene expression in roots of the rop6 mutant (Fig. 3G,  H) . At the same time, rbohd mutant showed more severe yellowing, decreased chlorophyll content, blocked FCR activity and downregulated Fe-induced and ROS-associated genes ( Figs S6, 6 ), which indicates that AtRBOHD also plays an important role in responding to Fe deficiency. Using yeast two-hybrid technique, it was determined that the AtROP6 protein was bound to AtRBOHD directly (Fig. 7A) , which was consistent with a previous study [25] . Based on the above results, a model was proposed to explain AtROP6 and AtR-BOHD regulation of ROS signaling in response to Fe deficiency in Arabidopsis (Fig. 7B) 
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